A hybrid scaffold was obtained by the deposition of a thin network of submicron fibrin fibrils on the microporous walls of a macroporous poly(L-lactide) (PLLA) three-dimensional structure. The fibrin coating is homogeneous across the entire substrate and allowed the pore structure remain open in the hybrid scaffold. The elastic modulus of the hybrid scaffold (0.65 MPa) was increased up to twofold compared to the pure PLLA scaffold (0.29 MPa). Mouse pre-osteoblastic cells, MC3T3, were seeded on both pure PLLA and hybrid scaffolds, and cultured for 3, 6, and 24 h. The coating enhanced the cell colonization and proliferation and provided a more homogeneous distribution of cells within the scaffolds. In addition, the coating improved the scaffold adhesion properties by supplying new binding sites to the cells that modify the transmembrane receptors involved in initial cell adhesion mechanism. The expression of the b3 integrin was observed in cells cultured on fibrin-coated scaffolds instead of the a5 integrin, which was expressed in the uncoated scaffold. These hybrid PLLA/fibrin scaffolds have cell culture features suitable to promote early tissue regeneration.
Introduction
Fibrin is a protein involved in the blood clotting process, produced by a cascade of enzymatic reactions starting with the activation of the fibrin precursor fibrinogen by thrombin. Fibrin is currently used as a sealant in a variety of surgical applications; 1 different allogenic fibrin sealants are available commercially.
Fibrin also has advantages related to tissue engineering due to its natural gel characteristics, which allow the encapsulation and retention of cells by establishing good cell-support interactions. [2] [3] [4] The presence of peptide sequences in its chain provides cells with adhesion sites 5, 6 by activating the transmembrane receptor integrins, a v b3 and a IIb b3.
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Because it is rapidly bioresorbed in the organism, the non-toxic degradation products act as a temporary extracellular matrix until replaced. 6 Consequently, fibrin has been used in a wide range of applications in regenerative medicine, such as ocular, 9 ,10 neural, 11 cardiovascular, 2,12,13 skin, 1, 14 cartilage, 3, 15 and bone regeneration. [16] [17] [18] However, previous studies showed that pure fibrin gels do not have adequate mechanical properties; 19 thus, limiting their use in many tissue engineering applications. It is known that a scaffold structure should mimic the natural extracellular matrix that provides for cell invasion, the formation of new tissue, and contributes to the structural and mechanical integrity of the injured region in the first stages of tissue regeneration. The mechanical properties of the scaffold are particularly important in tendon, ligament, bone and cartilage regeneration where the scaffold must not only host cells but also insure that the cells have adequate mechanical loading appropriate to their application. [20] [21] [22] [23] Synthetic biodegradable polymers, such as poly(L-lactide) (PLLA), are being widely used as scaffolds in load-bearing applications, such as cartilage [24] [25] [26] [27] and bone [28] [29] [30] [31] [32] regeneration. Nevertheless, the synthetic character of this polymer demands the deposition of adhesion proteins to mediate cell-material interaction. 33, 34 The good mechanical properties of polyesters, such as PLLA, poly(glycolide), and polycaprolactone (PCL) and the cell-adhesive character of fibrin have been combined to fabricate protein hybrid scaffolds. In this sense, Karp et al. 16 implanted a poly(lactide-coglycolide) (PLGA) porous scaffold filled with a commercial fibrin sealant into small defects in the distal femur of rats, and found improved early in vivo wound-healing response. However, the dense fibrin network within the scaffold significantly reduced bone invasion into the defects. A fibrin scaffold reinforced with poly(glycolide acid) fibers increased the mechanical properties and in vitro proliferation of L929 fibroblasts. 35 Porous PCL film was coated with a combination of proteins (fibrin, gelatin, fibronectin, angiogenic growth factors, and proteoglycans) and used for remodeling a vascular conduit. 36 The authors demonstrated, in long-term in vitro cultures, that this coating enhanced cell adhesion, spreading, and cytoskeletal organization of human umbilical vein endothelial cells compared to bare PCL. Also, for the generation of vascular smooth muscle tissue, a PLGA-sandwiched adipose stem cell/fibrin construct was designed and fabricated using a step-by-step mold/extraction. 37 Zhao et al. 38 prepared a composite scaffold for cartilage regeneration; the substrate was fabricated by filling a porous PLLA scaffold with fibrin gel. The incorporation of fibrin into the scaffold was achieved by dropping a fibrinogen and thrombin mixture solution onto the scaffold. This modification improved the compressive modulus and yield stress and in vitro analyses showed a significantly higher level of rabbit auricular chondrocyte viability, cell number, and glycosaminoglycan content.
Despite that these studies describe a more efficient cell adhesion, invasion and distribution in the hybrid scaffolds, they do not deal with the cell-material interaction in depth. The aim of this study is to investigate on the first stages of cell adhesion process when a fibrin coating is present in the pores of a PLLA scaffold. In particular, we focus on the changes of activated integrins and focal adhesions due to the presence of fibrin. For that, we present a new method of producing a PLLA/fibrin scaffold with a thin fibrin coating. The PLLA threedimensional (3D) structure has a double porosity produced using porogen microspheres (macropores) and freeze extraction technique (micropores). Our preparation method allows the deposition of a thin fibrin layer in the pore walls, avoiding poor tissue in growths found in other hybrids with complete sealed pores. 16 We hypothesized that fibrin coating will allow cells to better adhere to and proliferate in the hydrophobic PLLA scaffold, thus having a greater possibility to colonize the substrate and initiate earlier tissue regeneration in osteochondral applications. 
Materials and methods Materials

Preparation of PLLA scaffold
A modification of the procedure described by Bes¸kardes¸and Gu¨mu¨s¸dereliog˘lu 39 was followed to prepare 3D samples. Briefly, PLLA was dissolved in 1,4-dioxane at 10%w/v (10 g/100 mL). Ten grams of PLLA solution were mixed with PEMA spheres in 1:1.25 w/w proportion at room temperature in a Teflon mold (90 mm diameter) and immediately frozen with liquid nitrogen. The frozen polymer was then immersed in pre-cooled ethanol and was kept at À20 C for 2 days with at least three changes of ethanol to completely eliminate the dioxane crystals. The PEMA porogen was then extracted with ethanol at 40 C under continuous stirring. Changes of solvent were needed to eliminate all the PEMA spheres to obtain 1-mm thick samples which were punched into 7 mm discs.
Fibrin coating on PLLA scaffold
To prepare the fibrin coating, two solutions were used, 2%w/v (20 mg/mL) of fibrinogen in TBS and 20 mM CaCl 2 in TBS containing 0.3 U/mL thrombin. The coating was carried out in two steps: first, five PLLA scaffolds were placed into a test tube and the air in the pores evacuated to facilitate the penetration of aqueous solutions into the pore structure; then, 1 mL of fibrinogen solution was injected in the tube and system evacuated until the samples did not float in the solution. The samples were dried with filter paper placed in another tube. In the second step, a vacuum cycle was applied to the samples before the injection of 1 mL of thrombin solution to immerse them in the solution. The scaffolds were placed in Petri dishes and dried with filter paper. The coated scaffolds were placed into an oven at 37 C overnight to coagulate fibrin fibrils on the pore walls. Hereafter, the fibrin-coated PLLA scaffolds will be named as hybrid scaffolds.
Preparation of PLLA and fibrin-coated PLLA films PLLA films used in monolayer culture were obtained with a spin coater (CEE Õ Model 200). Briefly, PLLA was dissolved in chloroform at 2%w/v and spin-casted on 12 mm glass coverslips at 2000 rpm for 30 s. Then, samples were dried at 200 C for 5 min. The fibrin coating was produced by placing 100 mL of 2% fibrinogen on the samples for 45 min. The unabsorbed fibrinogen was gently removed with absorbent paper and the procedure repeated using thrombin solution. After 45 min, the sample was washed with Dulbecco's phosphate buffer saline (DPBS) and incubated overnight at 37 C with Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 1% penicillin/streptomycin.
Porosity measurements. Porosity of pure PLLA scaffold was determined by two different ways. With gravimetric method, the weight of the dry scaffold was compared with the weight of the scaffold filled with ethanol after applying high vacuum to extract air from the micropores. 40 Mercury intrusion porosimetry (Quantachrome Õ ) was used to characterize both porosity and pore size distribution in the pure PLLA samples. The Washburn Equation (1) was used to convert intruded pressure to pore diameter:
where is the surface tension, d the pore diameter, p the pressure, and the contact angle between mercury and material; values of 480 N/m and 140 were taken for data analysis. 41 The volume pore size distribution function, D v (d), calculated from the measured curve representing the cumulative intruded volume, V, as a function of applied pressure,
The porosity of five randomly selected samples was measured and the mean value and standard deviation were calculated.
Morphological observation of the scaffolds. PLLA scaffolds were cut with a razor blade.
Fibrin-coated samples were fixed with 2.5% glutaraldehyde and dehydrated with different grades of ethanol/water solutions (30, 40, 50, 60, 70, 80, 90, 96 , and 100%, v/v), followed by a critical point drying process (Polaron) to observe the fibrils in non-seeded scaffolds and also cell morphology after culture.
All samples were coated with gold for scanning electron microscopy (SEM), JEOL JSM 5410, at a voltage of 15 kV.
Mechanical properties. A Microtest machine was used to characterize the mechanical properties of both pure and hybrid scaffolds in non-confined conditions. A compression analysis at a strain rate of 1 mm/min was conducted on pure PLLA samples and on fibrin-coated PLLA scaffolds both hydrated with TBS. Four replicates (7 mm diameter and 3 mm height) were tested. The compressive stress was calculated from the delivered force divided by the initial surface of the samples.
Sterilization of the samples. Pure PLLA scaffolds were sterilized by gamma radiation with a dose of 25 kGy. After coating, the samples were sterilized with 70% ethanol overnight. Then, samples were repeatedly washed with DPBS until the ethanol was completely removed.
Cell seeding and immunofluorescence assays. Mouse pre-osteoblastic cells (MC3T3-E1
obtained from RIKEN CELL BANK, Japan) were injected into the scaffold and cultured for 3, 6, and 24 h in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/ streptomycin. Each scaffold was seeded with 1 Â 10 5 cells, and incubated in 48-well plates at 5% CO 2 and 37 C. At the specified times, the samples were fixed with 2.5%v/v glutaraldehyde and 10% formalin for SEM and confocal laser scanning microscopy (CLSM) analysis.
Using a scalpel, the scaffolds were cross-cut ($500 mm thick) to analyze the inner structure by staining with different antibodies. The samples slices were incubated at room temperature for 60 min with a monoclonal mouse antihuman CD49e VLA 5 (diluted 1:400, Inmunotech) and a monoclonal mouse anti-human vinculin antibody (diluted 1:400, Sigma-Aldrich), followed by incubation at room temperature for 60 min with the second antibody Alexa fluor 633-labeled anti-mouse (5 mg/mL, Invitrogen). At the same time, BODIPY-FL phallacidin (10 mL/sample, Invitrogen) was added to label the actin cytoskeleton. The expression of integrin b3 was determined through a monoclonal mouse antihuman CD61-FITC (diluted 1:50, Beckman-Coulter). Finally the cellular nuclei were labeled by Vectashield with incorporated 4 0 ,6-diamidino-2-phenylindole (DAPI Vector Laboratories, Peterborough, UK). The samples were analyzed by CLSM Leica TCS SP2 AOBS. The cell culture experiments were carried out in duplicate.
Results and discussion
Scaffold characterization
The SEM images of the cross-sections of PLLA discs show the porous architecture of the scaffolds (Figure 1 ). The interconnected structures show a macroporosity (100-200 mm, Figure 1(a) ) produced by leaching of the porogen particles, and also micropores (4-10 mm, Figure 1 (b) and (c)) due to the elimination of the crystallized dioxane through the freeze extraction. The macropore structure should host seeded cells and allow cell adhesion to the inner surfaces, while the network of microchannels is important in allowing diffusion of water-soluble substances through the scaffold and also to produce quite rough pore wall topography adequate for cellular adhesion. The size of the micropores can be controlled during scaffold fabrication since it is highly dependent on the concentration of PLLA solution frozen before the freeze extraction process. 43 The structure of fibrin coating consisted of a fibril network with almost homogeneous diameters of 700 nm (Figures 1(d) and (f) ). The open interconnected structure was available for cell seeding nearly unchanged compared with the pure PLLA scaffold.
The volume fractions of pores in pure PLLA scaffold measured by gravimetry and intrusion porosimetry were 90 AE 1% and 91 AE 1%, respectively, which allowed keeping mechanical resistance. The pore size distribution plot of the representative scaffolds showed three well-defined pore ranges (Figure 2) . The sharpest peak represents the most abundant pore size around 6 mm. The intermediate peak $30 mm can be seen in SEM ( Figure  1(b) ). The last peak had dispersion between 100 and 230 mm related to the macropore sizes. The most were situated at $150 mm, formed by the dissolution of the PEMA porogen spheres (with diameters ranging between 120 and 200 mm) which confirmed that only a small contraction of the sponge took place during porogen extraction. The porosity obtained ($90%) is an interesting characteristic, since the amount of material needs to be metabolized during scaffold bioresorption in tissue regeneration is in fact small.
The mechanical properties are represented in Figure 3 . The stress versus strain curves of the PLLA scaffolds (coated and uncoated) in Figure 3 (a) show characteristic shape of porous materials with elastic behavior under small strains followed by a plateau due to pore collapse and the densification zone. The elastic zone sloped was used to calculate the compressive modulus, E (Figure 3(b) ). The curve corresponding to the fibrin coating is above that of pure PLLA scaffold, which means a higher elastic modulus 0.65 AE 0.06 MPa in the coated scaffold compared with 0.29 AE 0.05 MPa for the pure PLLA sample. Despite the thin fibrin network deposited, the compression mechanical elastic modulus of the scaffold was twice that of the bare construct which is consistent with the previous work of Zhao et al.
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In vitro cell culture A high density suspension of cells (1 Â 10 5 cells/sample) was injected into the center of the scaffold with a microsyringe, so that the cells flowed across the pore structure with partial adherence to the pore walls. A number of the scaffold areas were observed by SEM (Figure 4 ) after 3 or 6 h in culture that showed most of the cells with spread morphology adhered to the pore walls as well as some with poor adhesion (Figures 4(a), (d), and (j) ). After 24 h, all the cells have spread on the substrate (Figures 4(e) and (f) ). In uncoated PLLA scaffolds, the cells had agglomerated in several parts of the scaffold, while other areas remained empty (Figure 4(c) ). Conversely, the fibrin coating produced a uniform distribution of the cells in the scaffold (Figures 4(g)-(l) ). Nearly all areas of the coated scaffolds had cells adhering to the pore walls. It was noted that the fibrin fibrils could not be observed after only 3 h in culture (Figures 4(g) and (h) ), confirming that cells in culture regulate the fibrinolysis via release of tissue plasminogen activator and plasminogen activator-inhibitor. 44 This result is in agreement with other studies based on fibrin gel in which a similar degradation time in the presence of cells has been reported. 45 The cell adhesion to the pore walls was defined with immunofluorescence staining for a5 integrin to investigate the expression of a5b1 pair. This has been identified as a receptor for the adhesion ligand fibronectin, which is one of the proteins contained in the culture medium that is adsorbed by synthetic substrates and mediates cell adhesion. The a5 integrin expression in the cells cultured in uncoated PLLA is shown in Figures 5(a) , (c), and (e). Interestingly, the integrin marker was absent in the cultures performed with the PLLA scaffolds coated with fibrin ( Figures 5(b) , (d), and (f)). Although it has been reported that there is an affinity of fibronectin to interact with fibrin, 46 the quantity adsorbed in our fibrintreated substrates during the culture time was not enough to express a5 integrin. Focal adhesions were confirmed by vinculin expression in both fibrin-coated and uncoated scaffolds, as shown in Figure 6 . Some non-specific adhesion of a secondary antibody to the pore walls was responsible for the small red dots that appeared in some of the images. Nevertheless, vinculin expression can be seen around the cell nuclei mainly in the uncoated PLLA scaffolds. The confocal images shown in Figures 5 and 6 reveal greater amounts of cells in the coated PLLA scaffolds and confirm the observations made by SEM. Fibrin coating permits a more uniform seeding of PLLA scaffolds that were clearly shown by DAPI-stained cell nuclei in sample cross-sections. Thus, fibrin can be used to modify seeding and first adhesion of the cells to the pore walls, in the sense that efficient cell filling and adhesion through the fibrin network will condition the cellular ability to produce new extracellular matrix proteins and consequently enhancing the remodeling ability of the new tissue. 47 Monolayer culture. To confirm that the a5b1 integrin pair was not involved in cell adhesion to the fibrin-coated samples, a series of monolayer cultures were prepared for more precise observation using fluorescence microscopy. The a5 integrin expression was shown in red ( Figure 7) for the cells cultured for 3 h on an uncoated PLLA film, while this marker is completely absent in fibrin-coated PLLA films.
The cellular adhesion on the scaffolds coated by fibrin is mediated by different integrin pairs depending on the cellular type. Integrin expression in cells cultured onto fibrin or fibrinogen has been reported by pairs a 11b b3 and a v b3. 48 Immunostaining against b3 integrin was developed, as a characteristic of a v b3 integrin pair. The positive expression confirmed that b3 integrin was involved in the cell adhesion process on fibrin-coated film ( Figure 8 ) and not a5 integrin ( Figure 7 ). This suggests that the presence of fibrin on the surface exposed alternative ligands that are recognized by transmembrane proteins. Vinculin expression in the monolayer culture was detected on pure and fibrin-coated films (Figure 9 ), a result that was not clearly observed in 3D samples probably because the scaffold absorbed the fluorescence and the signal was displaced in that process.
Conclusions
The technique used to produce fibrin-coated PLLA scaffolds enabled the physical modification of the pore surface properties. It was shown that it is possible to produce a very thin layer of fibrin, in the form of a network of submicron fibrils that binds the walls of micropores. This layer of fibrin reinforces the scaffold, facilitates cell seeding, and provides a more uniform distribution of cells in the scaffolds.
